Calmodulin is the major intracellular Ca2+-binding protein, providing Ca2+-dependent regulation of numerous intracellular enzymes. The phosphorylation of calmodulin may provide an additional mechanism for modulating its function as a signal transducer. Phosphocalmodulin has been identified in tissues and cells, and calmodulin is phosphorylated both in vitro and in intact cells by various enzymes. Phosphorylation of calmodulin on serine/threonine residues by casein kinase II decreases its ability to activate both myosin-light-chain kinase and cyclic nucleotide phosphodiesterase. For myosin-light-chain kinase the primary effect is an inhibition of the Vm.. of the reaction, with no apparent change in the concentration at which half-maximal velocity is attained (Ko 5) for either Ca2+ or calmodulin. In contrast, for phosphodiesterase, phosphorylation of calmodulin significantly increases the K0 5 for calmodulin without noticeably altering the Vm,,, or the KO5 for Ca2+. The higher the stoichiometry of phosphorylation of calmodulin, the greater the inhibition of calmodulin-stimulated activity for both enzymes. Therefore the phosphorylation of calmodulin by casein kinase II appears to provide a Ca2+-independent mechanism whereby calmodulin regulates at least two important target enzymes, myosin-light-chain kinase and cyclic nucleotide phosphodiesterase.
INTRODUCTION
Calmodulin, an intracellular regulator of Ca2l signals, modifies a diverse array of essential intracellular physiological processes by binding to enzymes [1, 2] . The mechanism of differential activation of enzymes by calmodulin is unknown, but posttranslational modification (e.g., phosphorylation) may represent a biologically important step in regulating calmodulin function. Phosphocalmodulin has been detected in chicken brain and muscle [3] and rat brain [4] . Calmodulin is phosphorylated in vitro by the insulin-receptor tyrosine kinase from a variety of tissues [5] [6] [7] [8] . Mitogenic stimuli, such as insulin ( [9] [3, 4, [10] [11] [12] and in intact cells [3, 4, 13] .
Casein kinase II is a multipotential serine/threonine kinase which phosphorylates proteins in the cytosol, nucleus and membranes in vitro and in vivo [14] . Recent evidence implicates a role for casein kinase II in the mechanism of action of certain growth factors. For example, insulin [15] [16] [17] , epidermal growth factor [15, 18] and insulin-like growth factor [17] increase the activity of casein kinase II. The observations that casein kinase II stimulates the phosphorylation of calmodulin in vitro [4, 10] casein/min at 30°C). After 90 min at 30°C, the reaction was terminated by quick freezing. Phosphocalmodulin was separated from the other reagents by phenyl-Sepharose chromatography [20] . Briefly, 1 ml of phenyl-Sepharose was pre-equilibrated with 5 mM-CaCl and 1.5 M-NaCl in 50 mM-Tris/HCl, pH 7.4 (buffer A). The Ca2+ concentration of the sample was adjusted to 2 mM and the sample was applied to the column. The column was washed extensively with buffer A (to remove polylysine), followed by 5 mM-CaCl2 in 50 mM-Tris/HCl, pH 7.4 (buffer B). Calmo After 10 min at 22°C, reactions were terminated by adding 50 % (w/v) trichloroacetic acid/10% (w/v) sodium pyrophosphate, and 32P incorporation was determined by spotting duplicate samples on to nitrocellulose squares (2 cm x 2 cm), washing extensively and performing liquid-scintillation counting.
Phosphodiesterase activity was measured by monitoring the fluorescence change of a methylanthraniloyl derivative of cyclic GMP [23] . Standard assay mixtures contained 90 mM-KCI, 5 mmMgCI2, 10 mM-Mops, pH 6.8, 10 #uM-cyclic GMP, 4 [22] . After purification on the Sephacryl S-200-column, fractions containing--myosin-light-chain kinase activity were applied to a column (1 cm x 10 cm) of phosphocellulose, and purification was continued as described in [22] . Protein content was determined by the method of Bradford [25] [26] .
RESULTS
Non-phosphorylated control calmodulin (incubated and purified on a phenyl-Sepharose column as described in the Experimental section) stimulates myosin-light-chain kinase activity in a concentration-dependent manner up to a maximum of 10.9+2.5-fold (mean+s.E.M., n= 3) (Fig. 1) (Fig. 1) . The relative stoichiometry of the phosphorylation of calmodulin by casein kinase II affects the degree of inhibition. In contrast with calmodulin phosphorylated to a stoichiometry of 98 %, calmodulin phosphorylated to 50 % is able to produce a slight dose-dependent increase in myosin-light-chain kinase activity (Fig. 1) (Fig. 2) . This is consistent with the observation (see Fig.  1 (Fig. 3 ). Fig. 3 shows that These data do not exclude the possibility of a subtle or minor shift in the Ko.5 for Ca2+. The differences observed in the Vmax in Fig. 4 are due to the fact that the concentrations of control and phosphocalmodulin, although the same (7 nM), give maximal and submaximal stimulation of phosphodiesterase respectively (see Fig. 3 ).
DISCUSSION
We have demonstrated that phosphorylation of calmodulin by casein kinase II inhibits the ability of calmodulin to activate myosin-light-chain kinase and cyclic nucleotide phosphodiesterase, albeit by apparently different mechanisms. The Vm..
for myosin-light-chain kinase is decreased in the presence of phosphocalmodulin without an apparent alteration in the K0.5 for calmodulin. In contrast, with phosphodiesterase, the K0.5 for phosphocalmodulin is decreased, whereas the V...X is essentially unchanged. The Ko5 values for Ca2+ for both enzymes are unchanged, implying that these effects are independent of Ca2t
In contrast with these observations, calmodulin phosphorylated on Tyr-99 by the insulin-receptor kinase increases phosphodiesterase activity and has increased affinity for Ca2+ [27] .
The biological effects of other post-translational modifications of calmodulin are analogous to our observations. For example, acetylation of lysine residues of calmodulin decreases the tightness of binding to calcineurin, with multiple acetylations further decreasing the affinity [28] . In addition, post-translational methylation of calmodulin decreases the capacity of calmodulin to activate cyclic nucleotide phosphodiesterase, and the extent of this diminution in capacity correlates with the level of the methylation [29] . Similarly, in our studies, a higher stoichiometry of phosphorylation results in a greater decrease in the ability of calmodulin to activate both myosin-light-chain kinase and phosphodiesterase (see Figs. 1 and 3) .
The specific regions of calmodulin involved in the binding and activation of calmodulin-dependent enzymes is the subject of considerable speculation. Recent evidence suggests that, in addition to the N-and C-terminal lobes of calmodulin, the central helix is in contact with myosin-light-chain kinase [30] . Replacement of residues Glu-82-Glu-84 with lysine [31] and phosphorylation of residues Thr-79, Ser-8 1, Ser-I01 and Thr- 1 
